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Statins are the most commonly prescribed cardiovascular disease drug, but their inter-individual
efficacy varies considerably. Genetic factors uncovered to date have only explained a small proportion
of variation in low-density lipoprotein cholesterol (LDLC) lowering. To identify novel markers and
determinants of statin response, we used whole transcriptome sequence data collected from
. simvastatin and control incubated lymphoblastoid cell lines (LCLs) established from participants of
. the Cholesterol and Pharmacogenetics (CAP) simvastatin clinical trial. We looked for genes whose
. statin-induced expression changes were most different between LCLs derived from individuals with
high versus low plasma LDLC statin response during the CAP trial. We created a classification model
of 82 “signature” gene expression changes that distinguished high versus low LDLC statin response.
One of the most differentially changing genes was zinc finger protein 542 pseudogene (ZNF542P), the
signature gene with changes most correlated with statin-induced change in cellular cholesterol ester,
an in vitro marker of statin response. ZNF542P knock-down in a human hepatoma cell line increased
- intracellular cholesterol ester levels upon simvastatin treatment. Together, these findings imply a role
. for ZNF542P in LDLC response to simvastatin and, importantly, highlight the potential significance of
. noncoding RNAs as a contributing factor to variation in drug response.

: Statins, the most widely prescribed drugs for reducing cardiovascular disease risk, exhibit wide inter-patient
© variability in their efficacy with regard to the magnitude of plasma low-density lipoprotein cholesterol (LDLC)
* reduction™?. Genome-wide association studies (GWAS) have identified a modest number of SNPs associated with
LDLC statin response in or near genes such as APOE, LPA, ABCG2, SORT1, and SLCO1B1°-°. However, these

. variants together account for only about 5% of the variance in LDLC statin response®.
: Recognizing that GWAS have only had limited success in pharmacogenomics, we and others have performed
. transcriptomic profiling to cumulatively investigate gene expression variation to predict complex drug effi-
. cacy’"!°. For example, using microarray expression data from immortalized lymphoblastoid cell lines (LCLs)
. derived from participants of the Cholesterol and Pharmacogenetics (CAP) 6 week 40 mg/day simvastatin clinical
* trial', we recently identified a panel of 100 signature genes whose endogenous expression levels differentiated the
- high vs. low statin LDLC responders’. With a radial-basis support vector machine (SVM), we found that these
© signature genes explained 12.3% of the variance in statin-mediated LDLC change, which is the largest proportion
of variance in statin efficacy explained by molecular biomarkers to date. Similarly, Geeleher et al. used expression
data from untreated tumor cell lines to predict patients’ chemotherapeutic response, demonstrating that that their
approach outperformed other existing biomarkers (such as genomic DNA analysis) in several clinical datasets'’.
Given the success of RNA expression profiling of patient-derived cell lines for the identification of novel drug
response genes, here we sought to extend our findings from the CAP LCL expression array studies by using whole
. transcriptome sequencing (RNA-seq) data from in vitro simvastatin versus control incubated cell lines estab-
. lished from 104 European American and 53 African American ancestry CAP participants. RNA-seq can detect
. thousands of transcripts that are not traditionally present on expression arrays, such as long non-coding RNAs.
. In addition, unlike our earlier analysis, which was limited to endogenous expression variation from European
. American ancestry cell lines alone, in this study we attempted to maximize signal by testing for differences in
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European American African American

High Low High Low
N 25 25 12 14
Men 44% 60% 50% 50%
Smoker (%) 4.0% 8.0% 8.3% 14.3%
Age (yrs) 51.9+14.6 545+8.5 542+7.8 5174128
Before treatment LDLC | 3, 4 3 126426 129428 113£32
level (mg/dl)
LDLC percent change | 59 1 3 gy ~22248.0% —57.543.2% —21.5£6.5%
after statin treatment (%)
LDLC level change after | ;¢ 5, 55 2824117 ~743+16.9 ~243+10.6
statin treatment (mg/dl)

Table 1. Clinical characteristics of study participants. Data are presented as numbers, percentages or
means £ s.d.

the change in gene expression after simvastatin treatment using RNA-seq data from the tails of the European
American LDL response distribution, and testing for cross-ancestry replication in the tails of the African
American LCL response distribution. Here we report identification of 82 “signature” genes whose statin-induced
expression changes differed between the tails of the LDLC response distribution. From this analysis, zinc finger
protein 542 pseudogene (ZNF542P) emerged as a novel candidate gene implicated in LDL simvastatin response.

Results

Identification of signature genes in cell lines from European American and African American
donors. Our goals were to: (i) to identify genes whose simvastatin-induced change in expression levels dif-
fered between LCLs derived from high and low LDLC simvastatin responders (Supplementary Fig. S1), and (ii)
validate the utility of signature genes in differentiating high and low responders in classification models. For this
analysis, we first identified signature genes from LCLs established from the tails of the European American LDLC
response distribution, and then we tested for replication in the extremes of the African American LDLC response
distribution. The clinical characteristics of these populations are shown in Table 1 and Supplementary Table S1.

Gene expression measurements can be strongly influenced by experimental and other confounders that may
impede the detection of the desired transcriptomic signal (namely genetically regulated expression differences
underlying inter-individual variation in LDLC statin response). To minimize the effects of these confounders,
we used a principal components (PCs) based correction method (details in Materials and Methods), where each
PC served as a proxy for unknown sources of variation in the data'>!®>. RNA-seq expression changes from both
European American and African American LCLs were adjusted by progressively increasing from the 1% to the 25
PC to generate 25 datasets. Next, each dataset was split by ancestry (European American or African American),
and 25 each of high and low responders from the European American population (Supplementary Fig. Sla) were
used to identify differentially changing genes (signature genes) by empirical Bayes moderated t-statistics. Using
the expression changes of the identified European American signature genes that were identified as predictors
in radial-basis SVM classification models, we then trained and predicted their ability to distinguish 12 high and
14 low African American responders (Supplementary Fig. S1b) whose LDLC statin response was as extreme
as the European American subset. A comparison of the prediction performance of the top 100 signature genes
demonstrated that, of the different PC corrections, the dataset that corrected for 15 PCs performed best. Notably,
a receiver operating characteristic (ROC) analysis using this dataset yielded an area under the curve (AUC) of
0.82 (Fig. 1a).

To evaluate the effects of PC correction, we obtained the first 20 PCs from the 5, 10 and 15 PC corrected data-
sets, and we tested for correlations with several potential non-genetic covariates (Supplementary Fig. S2). With
non-corrected data, most of the covariates showed significant associations with several major PCs. However,
these associations became less significant as the number of adjusted PCs increased and were negligible after cor-
rection with 15 PCs.

Next, we sought to further refine the model by testing if varying the number of signature genes affected the
prediction performance. Using the 15 PC corrected data, we again tested the prediction performance of the
European American signature genes in the African American subset, testing varying numbers of the most dif-
ferentially changing genes. From this analysis, we found that a dataset including the top 80 most differentially
changing genes outperformed (AUC = 0.86) other gene sets with smaller or larger numbers of genes (Fig. 1b).
To further refine the number of signature genes, we tested additional signature gene sets from 70 to 90 signature
genes with a step size of 1 and observed the maximum AUC of 0.88 with 82 signature genes (Supplementary
Fig. S3; Supplementary Table S2). Of the 82 signature genes, 12 had p-values less than 0.0002 (Table 2), the
smallest empirical p-value that could be measured with 5000 permutations, including zinc finger protein 542,
pseudogene (ZNF542P).

Change in intracellular cholesterol ester differs between high and low LDLC respond-
ers. Statins inhibit HMGCR, the rate-limiting enzyme in the cholesterol synthesis pathway, leading to reduced
intracellular cholesterol levels. This stimulates LDL receptor expression, resulting in increased plasma clearance
of LDL and lower plasma LDL levels. Thus, we hypothesized that LCLs from individuals with high LDLC sim-
vastatin response would have greater statin-induced reductions in cellular cholesterol levels compared to LCLs
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Figure 1. Prediction of statin sensitivity in 12 African American high and 14 African American low
responders. Area under the curve (AUC) values were calculated from ROC curves of sensitivity vs. 1-specificity
as the classification threshold was varied, with (a) the top 100 signature genes derived from six different datasets
corrected by different numbers of PCs and (b) varying numbers of signature genes from the 15 PC corrected
dataset.

from individuals with low LDLC simvastatin response. Consistent with this hypothesis, we found that in vitro
simvastatin exposure reduced cellular cholesterol ester levels in LCLs from the high responders, whereas there
was either no change or slightly increased cellular cholesterol ester in LCLs from the low responders (Fig. 2a).
There was no difference in simvastatin-induced change in free cellular cholesterol levels between high and low
responders (Fig. 2b), a finding which was not unexpected given the fact that free cholesterol levels are tightly
regulated to maintain homeostasis.

Identification of ZNF542P as a candidate gene. Next, we tested if simvastatin-induced expression
differences of any the 82 signature genes were associated with variation in simvastatin-induced change in cel-
lular cholesterol ester. From this analysis, we found that ZNF542P was the only signature gene whose change
was significantly correlated with cholesterol ester change after correction for multiple testing (Supplementary
Table S3). Changes in levels of cholesterol ester were negatively correlated with ZNF542P expression change in
LCLs from 103 European American donors (Spearman’s rho = —0.348, Bonferroni-adjusted P=0.028, Fig. 3a).
Change in levels of free cholesterol change showed no significant association with ZNF542P (P> 0.6). Not unex-
pectedly, when change in plasma LDLC was treated as a continuous phenotype, ZNF542P expression change
adjusted for 15 PCs in LCLs was also correlated with change in LDLC in the plasma during the CAP clinical trial
(P=2.35x10"*, Spearman’s p = —0.353, N =104). A similar trend was observed with change in plasma total
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Ensembl ID Gene Symbol
ENSG00000105220 GPI
ENSG00000114737 CISH
ENSG00000118762 PKD2
ENSG00000119396 RABI4
ENSG00000123595 RAB9A
ENSG00000134333 LDHA
ENSG00000137766 UNCI3C
ENSG00000178397 FAM220A
ENSG00000182397 DNM1P46
ENSG00000215158 ACI138409.2
ENSG00000240225 ZNF542P
ENSG00000263335 AF001548.2
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Table 2. Top 12 genes most differentially changing between 25 high and 25 low European American LDLC
responders. All had empirical Bayes moderated t-statistics p-values less than 0.0002 using 5000 permutations.
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Figure 2. Cellular cholesterol ester statin response differs between LCLs from high versus low LDLC statin
responders. Intracellular cholesterol esters (CE, panel a) and free cholesterol (FC, panel b) were measured in
LCLs from 25 European American high and 24 European American low statin responders after 24 hr incubation
with 2 M simvastatin or control buffer. Two-sided Student’s T-tests were performed to identify significant
differences between high and low responders. Individual data points with mean + s.e.m. are shown.

cholesterol (Spearman’s p=—0.206, P=0.036, N = 104). No significant associations were observed with change
in plasma triglycerides or HDLC (P> 0.3).

As described above, ZNF542P was among the signature genes whose expression in response to simvasta-
tin showed the greatest difference between the European American high and low responders. This was due to
reduced expression levels in the low responders, with no effect in the high responders (Fig. 3b).

ZNF542P knock-down increases intracellular cholesterol ester upon statin treatment. Since
ZNF542P has no known function, we tested if knock-down of ZNF542P altered intracellular cholesterol levels.
Using an siRNA targeting ZNF542P, we achieved > 80% knock-down in the Huh7 human hepatoma cell line,
Supplementary Figure S4. Under endogenous conditions, we observed a non-statistically significant trend of
increased cellular cholesterol ester upon ZNF542P knock-down. Importantly, this increase became statistically
significant when the cells were exposed to increasing concentrations of simvastatin, with a dose dependent effect
observed (Fig. 4). In cells incubated with 5pM simvastatin, ZNF542P knock-down increased cholesterol ester
(2.7 £0.48 fold mean £ s.e.m., p=0.007), in contrast with the reduced cellular cholesterol ester observed in the
NTC siRNA treated cells (0.60 & 0.22 fold mean + s.e.m., p=0.03). ZNF542P knock-down did not alter intracel-
lular total or free cholesterol under simvastatin or control treated conditions. In addition, ZNF542P knock-down
did not alter transcript levels of genes we tested involved in cholesterol synthesis (HMGCR, MVK and HMGCS1)
or uptake (LDLR) in either simvastatin or control treated conditions, Supplementary Figure S4.

Discussion

In 2013 the American Heart Association and American College of Cardiology released expanded guidelines
for statin prescription, dramatically increasing the number of potential statin users'*!>. Since statins are not
uniformly effective in preventing cardiovascular disease', and the incidence of adverse effects such as myo-
pathy and new-onset diabetes may be more prevalent than originally thought'®-'%, identification of predictors
of statin efficacy has become increasingly more important from a public health perspective. To obtain a more
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Figure 3. ZNF542P statin response is negatively correlated with intracellular cholesterol ester and plasma
LDLC statin responses. Statin-induced changes in ZNF542P expression levels were quantified in 104 European
American CAP LCLs after in vitro exposure to 2 pM simvastatin or control buffer. (a) ZNF542P expression
changes were tested for correlation with statin induced change in cellular cholesterol ester (CE) quantified in
the statin and control treated LCLs from 103 European Americans. Delta cholesterol ester was calculated as
the log difference of the statin minus control treated cells. (b) ZNF542P expression levels were quantified by
RNA-seq in CAP LCLs from 25 European American LDLC high responders and 25 European American LDLC
low responders after 24 hr in vitro incubation with 2 uM simvastatin or control buffer. P-values were calculated
using empirical Bayes moderated t-statistics with 5000 permutations to indicate differences in ZNF542P
expression changes between high and low responders. For graphical purposes, ZNF542P fold change was
estimated as 2/ (variance stabilized control-variance stabilized statin) since variance stabilization is roughly a
log2 transformation, but the statistics were performed on the variance stabilized delta data after correction for
15 PCs. Individual data points with mean =+ s.e.m. are shown.
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Figure 4. ZNF542P knock-down alters cellular cholesterol levels. Huh7 cells were reverse transfected with
siRNAs targeting ZNF542P or a non-targeting control (NTC), exposed to simvastatin (0.5, 2 or 5uM) or control
buffer for 24 hours, after which cellular cholesterol was quantified, n =4-12 per treatment condition. Values
were normalized to the average of the NTC siRNA control treated cells and shown as mean & s.e.m.

comprehensive understanding of genetic markers contributing to variation in simvastatin LDLC response, we
applied a radial-basis SVM classification model to whole transcriptome sequence data and identified a set of 82
signature genes whose simvastatin-induced change in expression levels could be used to differentiate between
individuals with “high” vs. “low” LDLC response to statin treatment. ZNF542P emerged as an interesting novel
candidate gene based on two factors: (1) it was one of the signature genes whose expression levels were most
differentially changed between the high and low LDLC simvastatin responders, and (2) its simvastatin-induced
expression difference was highly correlated to change in cellular cholesterol ester content.

Here, we report that changes in expression of the putative pseudogene ZNF542P in simvastatin-exposed
LCLs were significantly associated with both changes in cellular cholesterol ester content and with in vivo
statin-induced changes in plasma LDLC and total cholesterol in the individuals from whom the LCLs were
derived. Notably, these relationships were consistent with each other, as greater simvastatin-induced reductions
in ZNF542P were correlated with smaller reductions in both cellular cholesterol ester content and plasma LDL
cholesterol. Furthermore, these results are consistent with our findings that ZNF542P knock-down increased
cholesterol ester levels upon simvastatin treatment. Cholesterol ester is a storage form of cholesterol that is found
primarily within lipid droplets. The lack of effect of ZNF542P knock-down on cellular unesterified cholesterol
content is not surprising given that this form of cholesterol is located primarily in cell membranes and is subject
to tight homeostatic regulation.
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To date, there have been no reports regarding the function of ZNF542P. Pseudogenes were once thought to
be inactive gene sequences, evolutionary remnants from past gene duplication events. However, more recently,
several reports have found that long non-coding RNAs (IncRNAs) transcribed from pseudogenes have functional
effects on a variety of cellular processes, and they often regulate their protein-coding counterparts'®. For exam-
ple, PTENpgl, a PTEN pseudogene, regulates PTEN transcript levels by preventing miRNAs from targeting the
PTEN transcript®. Flanked by ZSCAN5A (zinc finger and SCAN domain containing 5A) and ZNF582 (zinc finger
protein 582), ZNF542P lies within a cluster of several ZNF genes that have been implicated in gene transcription.
However, further study is necessary to determine the mechanism by which ZNF542P impacts intracellular cho-
lesterol ester in the context of simvastatin treatment.

Although our findings implicate ZNF542P as a novel modulator of LDLC response to simvastatin treatment,
other genes identified within the set of 82 signature genes also likely contribute to response. For example, the sig-
nature gene set contains solute carrier organic anion transporter family member 2B1 (SLCO2B1), a known statin
transporter?!. A SNP in SLCO2BI has been implicated in simvastatin pharmacokinetics®. Thus, the relationship
between the signature gene set expression changes and statin response may be driven by both pharmacodynamic
and pharmacokinetic mechanisms.

In summary, we here identify a set of 82 signature genes whose simvastatin-induced change in expression
levels distinguish high versus low LDLC statin responders in both European American and African American
populations. This gene set contains 13 noncoding RNAs, with ZNF542P specifically emerging as a novel candi-
date gene implicated in cholesterol metabolism and simvastatin response. A recent comprehensive survey of the
human transcriptome identified over 91,000 expressed genes, of which 68% are classified as IncRNAs?. Our find-
ings highlight the need to further our understanding of the roles of these genes in mediating cellular processes
well as determinants of drug response.

Methods

Participants and clinical measures. The Cholesterol and Pharmacogenetics (CAP) clinical trial was
comprised of 944 participants (609 self-identified whites and 335 self-identified blacks) treated with 40 mg/day
simvastatin for 6 weeks (Clinical Trials.gov identifier NCT00451828)". Plasma lipid measures were quantified
twice before statin treatment, and after 4 and 6 weeks on-treatment, with delta LDL calculated as the difference
of the average pre-treatment vs. the average post-treatment values. All experimental protocols were approved by
the institutional review boards at Children’s Hospital Oakland Research Institute and at UCLA and UCSF, where
the clinical trial was performed. Lymphoblastoid cell lines (LCLs) were generated from each study participant as
previously described?*. Informed consent for participation in the statin clinical trial and the use of cell lines was
obtained from each study subject. All methods were performed in accordance with the relevant guidelines and
regulations.

RNA-seq data generation and analysis. LCL lines from CAP participants were exposed to 2 uM acti-
vated simvastatin (provided by Merck Inc., Whitehouse Station, NJ) or control buffer for 24 hours and total RNA
was extracted as previously described!’. Indexed, strand-specific, paired-end Illumina sequencing libraries were
prepared by LabCorp (formerly Covance, Seattle, WA) as previously described'’. Sequences were aligned using
TopHat2* and adjusted for library size and variance stabilized using DESeq2 as previously described!’. Quality
control checks were performed as previously described!?, except that 7 samples in experimental batch 1 were
included here but excluded previously.

RNA-seq expression normalization. Differential RNA-seq expression was determined by subtracting the
control-treated variance stabilized data from the statin-treated variance stabilized data and the resulting expres-
sion changes for each gene were quantile normalized and adjusted for experiment batch 1 using regression. To
adjust expression differences for unmeasured confounders, principal component analysis (PCA) was adopted as
previously described!'>!®. Among the PCs of a covariance matrix between samples sorted by the proportion of
explained variation in the original matrix, up to 25 PCs were selected such that adding another PC would explain
less than 0.5% of the variation. PCs 1 through 25 were progressively regressed out, and the residuals from each
regression were quantile normalized and used as the change in expression level of each gene.

Identifying signature genes. To identify signature genes from 25 each of high and low European American
responders, we used empirical Bayes moderated ¢-statistics as in Kim et al.”. Starting from a relative difference d(i)
which is defined as

Gy — Tl — 7).
s + s e))

where x,(i) and X; (i) are defined as the average level of expression for gene i in the high (H) and low (L) responder
groups, respectively, and s(i) is the standard deviation of repeated measurements, we introduced varying s, values
in the denominator to stabilize the variance of d(i) irrespective of the gene expression level using an empirical
Bayes approach. A more detailed description on this method has been previously reported”.

Cross-ancestry prediction using SVM based classification. Radial-basis SVMs were used for training
and predicting 12 high and 14 low African American responders in the SVM classification models. The perfor-
mance of the models was evaluated by randomly splitting the data into 10 sets, with 9 assigned as the training
set and the tenth as the testing set. The model was trained using the training set and applied to the testing set for
prediction. This process was repeated 5000 times and the prediction power of the model was estimated based
on the 5000 testing sets. The SVM function in the R package (kernlab) was used to implement the models with
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default parameter settings”. For the SVM, the radial basis kernel was chosen due to its superior performance in
the cross-validation results. The prediction performance was evaluated by ROC curve analysis and quantitated by
AUC using the ROCR package in R,

in vivo and in vitro association analysis. To measure statin-induced changes of in vivo clinical pheno-
types for correlation analyses, delta log measures were calculated as the log (average value of each phenotype on
treatment) minus the log (average of value of each phenotype two pre-treatment). The distribution of the plasma
LDLC change adjusted for age, race and smoking status is shown in Supplementary Figure S1. Plasma HDLC
change was adjusted for race.

For in vitro cholesterol measurements, lipids were extracted from the CAP LCLs with hexane and isopropyl
alcohol (3:2, v/v), and dried under nitrogen. Intracellular total cholesterol and free cholesterol levels were quan-
tified using the Amplex Red Cholesterol Assay Kit (Life Technologies) following manufacturer’s instructions,
and normalized to total cellular protein content. For measurement of cholesterol esters, extracted lipids were
incubated with esterase up to 2hrs, and cholesterol ester was calculated as difference of the total minus free cho-
lesterol. The change in cholesterol ester was calculated as the delta log of the cholesterol ester in the statin minus
control treated cells.

All in vivo and in vitro phenotypes were tested for association with the ZNF542P expression changes using
Spearman rank correlation in R.

Functional studies of ZNF542P. Huh?7 cells grown in MEM with 10% FBS were reverse transfected with
a Silence Select siRNA (Life Technologies) targeting ZNF542P (n258919) or a non-targeting control (NTC, assay
number AM6411, Life Technologies) using the siPORT transfection reagent as previously described®. After 24
hrs, cell culture media was replaced with media supplemented with either 2 uM activated simvastatin or con-
trol buffer. Simvastatin was kindly provided by Merck. RNA was extracted using Qiashredders (Qiagen) and
the PureLink RNA Mini Kit (Life Technologies), and cDNA was synthesized using the cDNA Archive Kit (Life
Technologies). ZNF542P values were quantified by a TagMan assay (n258919_asy, Life Technologies) and nor-
malized to CLTPM as a loading control. HMGCR, HMGCS, MVK and LDLR transcript levels were quantified
as previously described®. All qPCR reactions were performed in triplicate. Intracellular total cholesterol, free
cholesterol, and cholesterol ester were quantified as above. All cultures were verified to be mycoplasma free using
the MycoSensor qPCR Assay Kit (Agilent).

One-way ANOVA was used to identify statistically significant effects of ZNF542P knock-down on levels of
cellular cholesterol and transcripts. For ANOVA p < 0.05, statistically significantly differences between treatment
conditions were identified using Tukey’s multiple comparisons test with adjusted p-values reported.

Data Availability. RNA-seq and clinical phenotype data used in this analysis are available from dbGaP
(phs000481.v2.p1). All other datasets analyzed during the current study are available from the corresponding
author on reasonable request.

References

1. Simon, J. A. et al. Phenotypic predictors of response to simvastatin therapy among African-Americans and Caucasians: the
Cholesterol and Pharmacogenetics (CAP) Study. Am J Cardiol 97, 843-850 (2006).

2. Ridker, P. M. et al. Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. The New England
journal of medicine 359, 2195-2207 (2008).

3. Barber, M. J. et al. Genome-wide association of lipid-lowering response to statins in combined study populations. PLoS One 5, €9763
(2010).

4. Chasman, D. I et al. Genetic Determinants of Statin-Induced Low-Density Lipoprotein Cholesterol Reduction: The Justification for
the Use of Statins in Prevention: An Intervention Trial Evaluating Rosuvastatin (JUPITER) Trial. Circ Cardiovasc Genet 5, 257-264
(2012).

5. Deshmukh, H. A. et al. Genome-wide association study of genetic determinants of LDL-c response to atorvastatin therapy:
importance of Lp(a). J Lipid Res 53, 1000-1011 (2012).

6. Postmus, L. ef al. Pharmacogenetic meta-analysis of genome-wide association studies of LDL cholesterol response to statins. Nature
communications 5, 5068, https://doi.org/10.1038/ncomms6068 (2014).

7. Kim, K. et al. Prediction of LDL cholesterol response to statin using transcriptomic and genetic variation. Genome Biol 15, 460
(2014).

8. Mangravite, L. M. et al. A statin-dependent QTL for GATM expression is associated with statin-induced myopathy. Nature 502,
377-380 (2013).

9. Mitchel, K. et al. RP1-13D10.2 Is a Novel Modulator of Statin-Induced Changes in Cholesterol. Circ Cardiovasc Genet 9, 223-230
(2016).

10. Theusch, E. et al. Statin-induced expression change of INSIG1 in lymphoblastoid cell lines correlates with plasma triglyceride statin
response in a sex-specific manner. Pharmacogenomics J 3, 222-229 (2017).

11. Geeleher, P, Cox, N.]. & Huang, R. S. Clinical drug response can be predicted using baseline gene expression levels and in vitro drug
sensitivity in cell lines. Genome Biol 15, R47 (2014).

12. Pickrell, J. K. et al. Understanding mechanisms underlying human gene expression variation with RNA sequencing. Nature 464,
768-772 (2010).

13. Price, A. L. et al. Principal components analysis corrects for stratification in genome-wide association studies. Nat Genet 38, 904-909
(2006).

14. Stone, N. J. et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in
adults: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation
129, S1-45 (2014).

15. Pencina, M. J. et al. Application of new cholesterol guidelines to a population-based sample. The New England journal of medicine
370, 1422-1431 (2014).

16. Guyton, J. R, Bays, H. E., Grundy, S. M. & Jacobson, T. A., The National Lipid Association Statin Intolerance, P. An assessment by
the Statin Intolerance Panel: 2014 update. Journal of clinical lipidology 8, S72-81 (2014).

17. Maki, K. C. et al. An assessment by the Statin Diabetes Safety Task Force: 2014 update. Journal of clinical lipidology 8, $17-29 (2014).

SCIENTIFICREPORTS| (2018) 8:12443 | DOI:10.1038/s41598-018-30859-y 7


http://dx.doi.org/10.1038/ncomms6068

www.nature.com/scientificreports/

18. Rosenson, R. S. et al. An assessment by the Statin Muscle Safety Task Force: 2014 update. Journal of clinical lipidology 8, S58-71
(2014).

19. Groen, J. N., Capraro, D. & Morris, K. V. The emerging role of pseudogene expressed non-coding RNAs in cellular functions. The
international journal of biochemistry & cell biology 54, 350-355 (2014).

20. Yang, Y. et al. The noncoding RNA expression profile and the effect of IncRNA AK126698 on cisplatin resistance in non-small-cell
lung cancer cell. PLoS One 8, €65309, https://doi.org/10.1371/journal.pone.0065309 (2013).

21. Grube, M. et al. Organic anion transporting polypeptide 2B1 is a high-affinity transporter for atorvastatin and is expressed in the
human heart. Clinical pharmacology and therapeutics 80, 607-620 (2006).

22. Tsamandouras, N. et al. Identification of the effect of multiple polymorphisms on the pharmacokinetics of simvastatin and
simvastatin acid using a population-modeling approach. Clinical pharmacology and therapeutics 96, 90-100 (2014).

23. Iyer, M. K. et al. The landscape of long noncoding RNAs in the human transcriptome. Nat Genet 3, 199-208 (2015).

24. Medina, M. W,, Gao, F,, Ruan, W,, Rotter, J. I. & Krauss, R. M. Alternative splicing of 3-hydroxy-3-methylglutaryl coenzyme A
reductase is associated with plasma low-density lipoprotein cholesterol response to simvastatin. Circulation 118, 355-362 (2008).

25. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol
14, R36, https://doi.org/10.1186/gb-2013-14-4-r36 (2013).

26. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq. 2. Genome
Biol 15, 550, https://doi.org/10.1186/s13059-014-0550-8 (2014).

27. Karatzoglou, A., Smola, A., Hornik, K. & Zeileis, A. Kernlab - An S$4 package for kernal methods in R. J Stat Softw 11, 1-20 (2004).

28. Sing, T., Sander, O., Beerenwinkel, N. & Lengauer, T. ROCR: visualizing classifier performance in R. Bioinformatics 21, 3940-3941
(2005).

29. Medina, M. W. et al. RHOA Is a Modulator of the Cholesterol-Lowering Effects of Statin. PLoS genetics 8, 1003058, https://doi.
org/10.1371/journal.pgen.1003058 (2012).

30. Medina, M. W. et al. Coordinately regulated alternative splicing of genes involved in cholesterol biosynthesis and uptake. PLoS One
6, 19420, https://doi.org/10.1371/journal.pone.0019420 (2011).

Acknowledgements

This work was supported by the National Institutes of Health [U19 HL069757, R01 HL104133, P50 GM115318
and T32 HL098057], as well as the American Heart Association [12POST10430005 to ET]. This study was
supported in part by the National Institutes of Health Pharmacogenomics Research Network (PGRN) RNA
Sequencing Project [GM61390]. The funders had no role in the study design, data analysis, or manuscript
preparation. This study would not have been possible without the contributions of the CAP participants.

Author Contributions

K.K. and E.T. participated in the design of the study, performed statistical analyses, and drafted the manuscript.
Y.-L.K. and A.D. performed the cholesterol ester measurements. K.M. and C.C. performed and analyzed the
knockdown studies. Y.-1.C. created the LCLs. M.W.M. conceived and designed the experiments and assisted with
statistical analyses. M.W.M., assisted by R.M.K., drafted the manuscript. All authors read and approved the final
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30859-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12443 | DOI:10.1038/s41598-018-30859-y 8


http://dx.doi.org/10.1371/journal.pone.0065309
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1371/journal.pgen.1003058
http://dx.doi.org/10.1371/journal.pgen.1003058
http://dx.doi.org/10.1371/journal.pone.0019420
http://dx.doi.org/10.1038/s41598-018-30859-y
http://creativecommons.org/licenses/by/4.0/

	ZNF542P is a pseudogene associated with LDL response to simvastatin treatment

	Results

	Identification of signature genes in cell lines from European American and African American donors. 
	Change in intracellular cholesterol ester differs between high and low LDLC responders. 
	Identification of ZNF542P as a candidate gene. 
	ZNF542P knock-down increases intracellular cholesterol ester upon statin treatment. 

	Discussion

	Methods

	Participants and clinical measures. 
	RNA-seq data generation and analysis. 
	RNA-seq expression normalization. 
	Identifying signature genes. 
	Cross-ancestry prediction using SVM based classification. 
	in vivo and in vitro association analysis. 
	Functional studies of ZNF542P. 

	Acknowledgements

	Figure 1 Prediction of statin sensitivity in 12 African American high and 14 African American low responders.
	Figure 2 Cellular cholesterol ester statin response differs between LCLs from high versus low LDLC statin responders.
	Figure 3 ZNF542P statin response is negatively correlated with intracellular cholesterol ester and plasma LDLC statin responses.
	Figure 4 ZNF542P knock-down alters cellular cholesterol levels.
	Table 1 Clinical characteristics of study participants.
	Table 2 Top 12 genes most differentially changing between 25 high and 25 low European American LDLC responders.




